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EXCITATION OF GIANT RESONANCES IN PION CHARGE-EXCHANGEREACITCVK

N. Auerbach
Los Alamos National Laboratory

Los Alamos, NM 87545 U.S.A.

and

Department of Physics and Astronomy
Tel-Aviv University

Tel-Aviv, Israel

Abstract - The theory for excitation of electric giant isovector re-
sonances in pion charge-exchange reactions is discussed. A comparison
between the theoretical and the recent experimental results is made.

I- INTRODUCTION

Wi~h the pion factories maturing in their op?rationa and with intense beams becoming
available on a routine basis, pions have become a major tool in the study of nuclear
structure and, in particular, of giant resonances in nuclei. Sever81 years ago the
observation of iaoocalar giant resonances and the giant dipole in plon inelastic
scattering was reported /1/. More recently, pion inelastic experiments with both w+
and u- projectilea have been performed at LAMPFand large asymmetries in the K+ and
n- cross sections have been observed providing interesting information about the
structure of the giant resonance excited in the process, in particular, about
isospin mixing in excited nuclear states /2/.

For pion ●nergies around the A resonance, the nuclear isoecalar giant resonances
are excited by a factor of fou ?3stronger than tha Isovactor ones. Therefore, ❑o”tly
the iscscalar ~taces were observed in (w,H’

$
reactions. The pion-nucleon t-matrix

haa a spin-flip component pro ortional to N ●

i
(k x k’) where ~ and ~’ are the pion

initial and final momenta and N IS the nucleon spin operator. In the piom nucleus
optical potential this term gives rice to component which peaks around the scat-
tering angle of O = 90°. Utilizing this feature pion Inelactic experiments were
performed In which spin-flip statee and in particular tne oo-ca led “stretched”
etaten have been bnerved /3/.

The unique features of the pion in the study
exploited in chtirge-exchange reactions

~m~~m~~:nt resonance. are probably best
Tho pion, being an isove tor,

particle is moat useful for the study of Iaovector giant reaonancaa. $

and (W-,mo) reactions
The (m ,wO)

are kincmatically eimilar and the nvailabi:ity of m+ and v-
beams is comparable. The fact that one can oimultaneoualy at.udy the two
charge-exchange componentsA’f - -1 and ATZ- 1 of nuclear Iaovector excitation
under ~imilar conditions ia at the present quite unique for the pion. Future
availability of intense neutron beams may change the situation and the study of both
(p,n) “nd (n,p) raactiono could be of great intereat in the utudy of giant
resonances /4/. Aa we will dincuee later, the ❑easurement of both the (W‘,w”) and
(W-,Wo) cross sections for the two charge-exchange components of= came iaovector
excitation mtiy provide important information concerning the proton-neutron density
dietributiona in nuclei /5-8/. By conaiderin8 the ration or differences of the
(W+,no) and (W-,mo) crona sections (and not neceaearily the abaolute cross aectiona)
one can deduce euch information.

The (W-,mo) reaction may in certain casee be much more advantageous than the (W+,WO)
reaction in the utudy of components of ●n Iaovector giant 8:ate. The (W-,mo)
reaction excites the AT, = 1 component of the isovector excitation. Bacauoe of the



large Coulomb displacement energies in heavy nuclei, thie component of the i60vector
state (in spite of the loss of Bymmetry energy), will be considerably lower in
excitation energy than the AT - -1 component. For exumple,

k
if we comider the

isavector monopole t3tate in t e *20Sn region, the ATZ = 1 component will be centered
around an average energy of 22 MeV above the parent ground state while the ATZ = -1
component will be at &n energy of about 40 MeV /7/. This lower energy for the
ATZ - 1 component will lead to a smaller escape and spreading width for the ATZ - 1
compon~nt as cmpared with the ATZ - -1 one. Also, for a ATZ = 1 excitation the
Isoapin of the state iEI limited to T + 1 while in the caee of the ATZ = -1 component
three T + 1, T, and T - 1 isospin components exic;t and are split by the symmetry “
potential. Therefore, in spite of the fact that the ?ross section for the ATZ - 1
component (due to the Pauli blocking effect) is usually smaller than for the
ATZ = -1 one, the si nal in the (m-,wo) reaction might be ❑ ore pronounced than in

$0the corresponding (w ,* ) reaction.

Other features of the pion make its cae a~ a nuclear probe very attractive.
(i) For f’rward scattering angles there 16 no spin-flip component in the
pion-nucleus interaction and therefore the pion charge-exchange reaction will
selectively excite electric giant reqonancee while the ❑agnetic etatea will be
suppressed. (ii) The pion-nucleon interaction around TW = 180 MeV is dominated by
the A33 resonance. The pion-nucleue interaction is strongly absorpti~e; therefore
in a pion reaction at such energies the nuclear density at the surface la
eelecttvely probed. This feature, as we will see , makes it possible to excite some
states which for lees strongly absorbed particles would be excited very weakly
because of the special nature of the transition density. By ct?anging the pion
energy and by moving away from the resonance one can extend the range of the nuclear
deneity being probed. It is for these reasons that an experimental program to ex-
cite giant resonance in pion charge-exchange reactions was undertaken in recent
years /8-10/ culminating in the observation of the giant isovector monopole
rescnance /10/.

Prob.lkly the most eerioua drawback in the etudy of pion charge-exchange reactions or
of pion scattering from nuclei in general is the not yet complete theoretical
understanding of the reaction mechanism and therefore the uncertainties in thu
calculation of pion-nuc]eus cross eections.

In the present work we use the DWIA framework in describing the pion-nucleue
interaction. Aware of the limitation of this scheme we still believe that most of
the conclusions we draw are correct because theee are baaed on the ratios and
difference in the croes sectionm find not neceeearily m the absol~t- values. Our
main aim 16 to relate “he results obtained in pion reactione to nucle,~r structure
aepectn of the theory.

The ●ntire eubject of giant reeontinczs ~tudied in pion reactiona has become too
txteneive LO be fully reviewed in thin work. We will, therefore, concentrate only
on the recent. reeulte related to the excitation of giant electrlc reaonancea in pion
charge-excha ~ge reactions.

11 - THE NUCLEARSTRUCTUREFRAMEWORK.— ——

The giant I’,ovector reaonancee are defined with the nid of the following isovlsctor
operator~:

(la)

The Ieovect.ar monopola:



the dipole

and Ieovector quadruple

where M = tl, O and I ~ la defined as

(lb)

(lC)

for P = TI (2)

foru=O

where TX) 1 Tz are the Paull Isoapln matrices. A state (or resonance: that will
exhaust a ‘eLtieable part of the total strength of such operators /11,12/ we will
defina as a giant isovector monopole, dipole or quadruple. In this work we are
concerned mainly with these three resonances.

Let us denote the total strength for the operatora Q(j) am

Sy(o) - z l<nMIQ(:) 1()>12
‘IJ

and a linearly energy weighted total aLrength

where
in the

s(~)(l) - z E l<nblQ(~) ~0>12

% ‘P

(38)

(3b)

np> and ‘n are the charge-exchange states and energiee reep?ctively, and O>
parent gro!nd etate.

The giant isovector reaonancee are described ‘n the space of lp-lh configurations.
In this approach we une the charge-exchang? components (i.e., ATZ = +1) and the
AT - 0 component are evaluated in the trunework of the char8e-cxchan8e RpA
(Ct-RPA) /11,12/0 The basle of the one-particle, one-hole atatea iu constructed
from the Skyrme HF solutions. The reaponoe function ❑ethod la employed in the
calculation of the distribution of strength. Au an example, thm calculated /12/
distribl~tion of strength for the monopole in ‘20Sn is shown in Fig. 1.

The AT7 - tl (or IJ - 11) and the ATZ = O (U - O) components are shown. One can then
computd from thene diatributlona the energy centroids /12/ for the varioua ieoupinc.
4 result of ouch decomposition /12/ 10 shown in Fig. 2 for the monopole Utrength

given in Fig. 1.
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The NEWSRis

and the EWSR

(4a)

(4b)

where now the states 10>, and Inv> in Eq. (3) are the once obtained in CE-RFA. The
I+.? 18 th~ HF ground state and H the total hamiltonian.

For the operators in Eq. (l), the right-hand side (r.h.s.) of Eq. (3a) becomes

for the monopole and quadruple:

right hand side = ~ [N <rb>n - Z<rq> ]
2X P

(5a)

and for the dipole

right hand side - 1 [N <rZ>n - Z<r2> ]
2W P

(5b)

where <r”>,, and <r”> are the neutron and proton dersity distribution ❑oments
evaluated using NFP densities. The EWSR is more ❑odel dependent because of the
two-body interaction in U. Still one can derive for the right hand side of
Eq. (4b)

for the monopole:

‘2 .4<r2> [1 +K(0) +~(o))right hand side of Eq. (3b) = — (6)
#m

for tllc dipole:

ri~ht hnml f~ide of I?q. (3b) = ~A(l+ K(l)+@)) (7)

and for the Iuadrupoie

right hand ride of Eq. (3b) = #A<r2> (l+ K(2) +q(2)) (8)

.

where ~(U and II(L) Ilre cont:lbutiona to the double commutator stemming ~r~m the
two-body intcrilction in H. These were computed using the S111 force /11-12/. One

call also delive in nNnloRy to the ntrength distribution, NliWSR and EWSRfor the
trunsitim densities Pn (r) to the CM states Inv> .

u



using tne closure approxmatlon, I.e., assuming that the entire strenpth la
concentrated in one state, one obtainee from the aum rules tho following expretisiona
for the transition denaitiem /4,6,7/.

For the monopola:

R2
-~ (3P + rp’) - (t, +t2)(3g+rg’) + 2r2(pn -9P)(VC -IJE(~))

J;) - (9)

(E(~)+E(~) ) ~
-1 A M

The ❑onopole strength !s concentrated in two separated energy regions; in the
ieobarlc analog reeonance (IAR) and in the giant isovector monopole (iVM). The
index M in Eq. (9) indicates that we refer to the IVM strength. The function g is

g(r) - 4Pn~r)pp(r) ‘+ (~n(r) ‘~p(r))2c (lo)

The Coulomb potential is denoted by Vc and t ~ t2 are parameters of the Skyrme
interaction. The excess neutron r.m.s. Ara iue Lnd dennity are denoted by r ~xc ;:

The last term in the above equation results from the subtraction of t e‘exe “
strength from the total Ieovector monopola strength /6,7/ . In Fig. 3, the
transition density calculated for 120SR ia shown.
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The transition densities for the two components u = tl of the ❑onupul,e in
12 Sn are shown.



+2
~p’(r) -~ (tl + t2)g’(r) + 2r(pn(r) - Pp(r))(vc - UE$))

pjJ)(r) = (11)

@ (E!:) + E:l))

-2fi2
rp’(r) -~ (t, + t2)rg’(r) + 2r2(pn(r) - pp(r))(vc- VE$))

p~z)(r) _ x .(12)
~ (~(2)+~(2))

v -1 1

Note that In all the transition densities the first term ?s the came (except for the
normalization) as for the corresponding isoscalar giant resonance, the second term
(the one proportional to t + t.) 1s the term resulting from the exchange forces in
H, and the third term is ~ropo$tional to iaovector part of the around atate den6ity
Pn - Pp=

An di~cuaeed already, the above expreuaione for the transition de: ..c.es are derived
aaBuming that the total strength la contained in one state (or one narrow peak).

In the frumework of the response function approach one can calculate the transition
density /12,14/ for each energy in the etrength distribution. In ouch approach, the
influence of the structure in the final state and in particular the continuum
effects can bc accounted for.

III - THE CALCULATIONOF (m*,w”) REACTIONS EXCITING THE GIANT
RESONANCES

The transition dent3itie6 derived ●ither in the cum-rule approach or in the more
detailed microscopic

(~-,wo) reaction6 in

All our calculations
with the potential
DWPI code was used.

manncc can be used in the EWIA calculations of both (W+,Wo) ●nd
which the ieovector ❑onopola, dipole or quadruple lo excited.

were performed using a Kieslinger-type plon optical potential
parameters determined from the pion-nucleon phaae ahifta. The

in Table 1 we show the rtoults of the calculation for the J = O ,+ ~-, and 2+ Uiant
resonances for several selected nuclei. The cross sections shown are for angles ●t
which the maximu occur in the angular dletributtons. The angular diotributionm for
L = O peak at 0° and we show the da/dO for O = 1°. The other two resonance peak ●t
larger angle6.

In addition to calculatlonn with the two typem o
$

transition denmitien we aloo
preeent a calculation In” which the (W-,WO) and (w ,wO) crose ●ections are evaluated
using identical Taa6ie trana~tion densities for the two M = tl comporento (Model 1).
The difference in the (w ,*”) croes suction is du? only to the difference in th~
Q-values in the two reactions and the different Coulomb diatortionn of the w- ●nd m
in the uwo enttanca channaln. Modal 2 :n the table refers to calculatlono wit,, the
transition denaltie6 in Eqs. (9,11,12) and Model 3 refere to the calculation with
the ❑icrcmcop~c traneitlon d6nEitian. In the caaa of Model 3, the cross ●ectiona



were calculated peak by peak and then added up J71. The double differential (lT ,T”)

crose mection d20/dEdfi for the =onopole in ‘“Zr and dipole in ‘°Ca obtained in the
framework of Model 3 are shown in Fj.gs. 4 and 5. The influence of the structure in
the final state ia taken into account in Model 3. This lead6 to an increase in the
croes aaction as compared to Model 2.

TABLE I

Nucleus Model 1 Model 2 Model 3—

(w-,wfJ) (U+,wq (W-,mo) (w+,mfJ) _(W-,uo) (W+,no)
40& 588 499 1183 C46 1352 889
be~ 562 638 582 1333 672 837
60Ni 634 574 865 904 966 1136
90zr 726 677 725 1088 1109 1285

120Sn 780 758 470 1238 710 2094
208pb 803 752 235 1155 562 2026

bo& 712 626 846 623 1154 844
40@ 612 689 227 1117 343 1490
60Ni 709 657 335 762 543 1200
30zr 680 642 375 691 376 1099

120sn 689 665 60 982 lee 1906
208pb 633 634 14 779 36 i454

J-2+

ko& 452 372 648 476 728 496
4t3~ 396 425 305 807 346 892
60Ni 439 392 453 603 482 721
90zr 441 388 432 607 590 706

120Sn 459 429 211 900 297 1334
208pb 444 391 104 781 98 905

Table 1 - Pion-charge exchange cross eectione in (vb/er) for angles at which tha
maxima occur in the respective angular diatributiona.

We now discuae come of the theoretical findings and compare these with the recent
●xperimental pion charge-axchange results contained in Refa. 9 and 10 and the work
of J. D. Bowman et. al. contained in them proceedings, H. W. Baer’s at. al.
contribution to ~ conference o and aleo in private communications with
J. D. Bowmano H. Baero and A. Erell.

.
The II = fl componant of the dipole and tt.e IVM were obeervad in a oeriaa of nuclei.
The aseignmenta of the L = O and L = 1 multipolaritiee wer~ made by comparing the
experimental angular distributions with the theoretical ones. In Figs 6 and 7 the
L = O and L = 1 DWIA-RPA angular diatributiona computad for the (m-two) reaction in

Zosn and GONI are compared with the meaeured once. (The theoretical curves were
nomnalizad to the data).

.
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The ratios of the experimental to theoretical cross eectlons for the dipole and
monopole ●valuated at the angle corresponding to the respective maxima in each
angular distributions are nhown in Fig. 8s.

The theoretical cross eections included in this graph are obtained within Model 3.
The above ratios are of the order of 0.5. If Model 2 iB u~ed, the ratio between the
experimental and theoretical cross sections is increased and in some cages is close
to one. ,
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Fig. 8 - Experimental and theoretical cross eectiona and energies for the dipcle
and monopole.



The cross secLions calculated ~ 140dt.ls 2 and 3 (Table 1) chow large asymmetries
between the $w-two) and (m ,m”) cross sections. In nuclei with a large neutron
excess, the (s ,x ) cross sections are larger than the (W-,mo) cross sections. This
is becauee some of the p-h transitions which are allowed for the u = -1 mode do not
cxiet or are forbidden because of the Pauli principle for the v u 1 mode. Therefore
in N > Z nuclei, the strength contained in a u = -1 excitation is larger than in the
corresponding u = 1 excitations. In 40Ce, we note however, that the (s-,wC) croeo
aectionai are larger than the (W+,Xo) ones for all the three multipolarities
L - 0,1,2. It was pointed out /5,6/ that this is due to the fact that in ‘o& the .
Coulomb repulsion amng protons cau~es the proton distribution to ●xceed ●lightly
the neutron distribution at the surface and beyond it. The pions with kinetic
energies around 160 MeV are strongly absorbed and therefore sensitive only to the
surface region of the nucleus. If one considers the density region from about
r = 305 fm and out, one finds that the:e are about 0.4 protons more than neutrons.
In che same region, there are about two nucleons altogether; thus there is an excess
of ah~ut 20% of protons over neutrons. Indeed, if one takes the ratios of the cross
sections

-,wo
an (Mod. 2)

-,=0
:

an (Mod. 1)

one finds the ratio to be about 1.2 for the

a‘+’mo (Mod. 2)

on “W” (Mod. 1)

monopole and dipole. [We have divided,
by the cross section obtained in Model 1 in order to remove the Q-value and
pion-distribution effects]. The ratio U(W-tO)/a(W+,mO) fox L = 1 in both Models 2
and 3 is about 1.36 while the experimental ratio for these cross sections is
presently determined to be about 1.3 (see J. D. Bowman et al., these proceedings,
and H. W. Baer et. al., contribution to this confere”~ For the rnonopole, the
calculation predicts the ratio to be about 1.5 and the experimental number is
presently around 2.

As one proceeds tG heavier Ca isotopes, the number of the neutrons in:reases and
also the neutron r.m.a. radius incrqasfis so Lha~ the right-hand side of Eq. (5) is
positive and one expects the aw Pm > am
monopole. In Fig. 9, we show the behavior of

ow+~mo (Mod. 2)
*+,WO

a (Hod. 1)

for the dipole (L = 1) and monopole (L - 0)
of the exceae neutrons in the Ca Isotcpes.

‘-” for transitions to the dipole or

-,wo
# (Mod. 2)

(13)
-,wo

0= (Mod. 1)

transitions as functions of the number

It 10 clear from the above discussion that the measurement of the u = -1 and u - 1
component of giant Isovector resonances yields useful information concerning the
neutron-proton distributions in the surface region of nuclei. Charge-exchange
experiments exciting the two components of the dipole an(! monopole with the Ca
isotopes chosen aa targete should be cl considerable interest in view of the
theoretical predictions in Fig. 9.
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Excitation Energieei and Widthe

The calzulaced excitation energien of the charge-exchange components for the dipole
are in vety go:d agreement with the ❑easured once /7,11/.

In Fig. 8b, the newly measured ●xcitation energies for the B - 1 component of the
IVM as deduced from the (W-,WO) experimen e (eee J. D. Bowman’s contribution) ●ra

[compared with the RPA centroid energies E,o). The agreement is quite satisfactory.

The continuum RPA cal:ulatione yield only the escape widths for the giant
reeonancea. The u = 1 components of the IVM have low ●xcitation energies where the
density of 2p-2h etatee 18 relatively low and calculations of opreading width ● re
pocslble /15/. The computed e~ing widths, together with the RPA escape width
give total widtho for the 1,1- 1 IVM, which ●re in overall agreement with the
experimental findings /10/ , (eee J. D. Bowman’s et al. contribution). The
A-dependence

—.—
of both che calculated and experimental wldtn lb such that. the widthn

decrencc with increasing A.

IV - SUMMARYAND OUTLOOK

The pion, ao we have seen, haa proven to be a ubeful prbbe in 8tUdyiIIg 8iant
reconanceo in nuclei. In particular, in charge-exchan8e reactions in the forward
diraction, the pion excites selectively isovector non-spin flip ●tatae, Becauee of
the etron8 abmorptlon in the pion-nucleu8 optical potential states, for which a
weakly ●bsorbed partlrle would have had a ●mall crocs ●ection in the forward
direction (for example che monopole). ● re excited quite ●tron81y with 160 MeV p,ions.
By uhangin8 the kinetic ener8y of the pion one can chan8e the depth of penctrn ion
of the pxon and therefore in principle be able to probe different part~ of the
dannity.

The most adv~nta8eous feature of the pion nn e probe ie the abili y to excite both
charge-exchange componmnta #of an Ieovec[or ●xci~ation in the (w .,wO) reaction. In
such casea, one can considet the ratioo or cliffer~m’eo in tha cmmm eae~inrlm rn *km
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about proton-neutron distributions in the taii region of the nucleuo.

The use of the (W-,WO) reaction and the excitation of the u - 1 component of ● giant
ieovector resonance hae been aucceasful becaume of the relatively low excitation
●nergy of thi~ component and their narrow width.

Sever=Z problems must be resoived before the pion becomae an ●ven mora eucceaeful
probe of nuclear etructure. The most important objectivo i- to have a better “
theoretical description of the pion-nucleue reactio~ mechaniem ●nd more ●ccurate
prediction of pion-nucleue croeei sections.

The analyaia of tha pion dnta related to the excitation of giant resonances
●ncountarm the problem of a l&r8e background, which la aubtractad ueing a
phenomenolo~ical prescription (see the presentation of J. . Bowman). A theoretical

?understanding ●nd calculation of the background in the (~ ,%0) reactione will be of
coneiderabla help in analyzlng and understanding of the data.

The nuclear structure calculations we preeented togather with the DUIA
6izeable cross sections for the isovactor quadruple resonance. The J= 2$r~~~;~
sections at maximum are, In general, about ● factor of two smaller than the ones for
the monopole a: thair maximc. (Se! Table 1). No clear signal for the quadruple
resonance has been observed in the (n ,Wo) reaction. The DWIAtheory pradictn that
the L = 2 angular distribution is rather ●1OW1Yvarying (am compared to L = O or 1)
in the angular ranga measured in tha experiments,, It ie possible therefore, that
some amount of quadrupola strength is in fact “hidden” fin the subtracted background.
ml, the preaant ●nalyrnim of the data in which the theoretical ●ngular
distributlona are used pute the upper limit for tha amount of quadrupola strength to
be only 20-30% of the calculated NEWSR. The reason for this difficulty is not
clear. It might be that the pion-nucleus description of tha L = 2 ●ngular
distribution la Inudequete cr that thare
prevent the observation of the J = 2

$ra uoma nuclear struct’ire reasons that
❑od.. It ia not inconcaivabla that tha

quadrupol~ strength IS more fragmental and ●lto more spread by the 2p-2h
configuration than th? other resonances conaidared. One should try to resolve this
prob!em.

The outlook for pion inelastic and pion charge-exehange reactions ●xciting giant
reaonancem 10 quite promising. New axperimanto that will maasure the mcnopole ●nd
the two charge-exchange components of the dtpola in many other nuclei is of
considetdble interast for nuclaar ●tructura ntudiea of collective ❑otioa. h
already ●mphaeizad, the meamurament of the p - *1 component of the dipola (and
possible monopole) on ouch targets as tha Ce or the Ni i-otopes seems ●lso promising
for Lha study of proton-nautron dletributiona.

We ehould atreue here that ❑any of tha resultm and conclusion conc~rning nuclear
structure ●pply ●leo to other charge-exchan8e raactiona. In particular, (nop)
reactions complementing the (pon) re~.ctions●hould be of Sreat help in obaervin8
ieovector reeonancem. Alec reactions with li8ht lone such ●s (gHe,t) /16/ ●nd
(t,”M) or (6Li,6*) /17/ ●nd (7L1.7Be) /18/ will provida intorestlng information
about th charge-axchange components of nuclear isovector excitation.
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